Foot pad dermatitis (FPD) is a significant economic and welfare problem in broilers and turkeys at marketing age (Shepherd and Fairchild, 2010) . Field observations and an experiment to investigate the role of biotin in preventing FPD suggested that birds as young as 7 d showed signs of foot pad inflammation (Mayne et al., 2006 (Mayne et al., , 2007a . Significant lesions are usually associated in commercial flocks with birds at older ages, whereas these reports suggest that FPD may originate at very young ages, including the brooding stage.
INTRODUCTION
Foot pad dermatitis (FPD) is a significant economic and welfare problem in broilers and turkeys at marketing age (Shepherd and Fairchild, 2010) . Field observations and an experiment to investigate the role of biotin in preventing FPD suggested that birds as young as 7 d showed signs of foot pad inflammation (Mayne et al., 2006 (Mayne et al., , 2007a . Significant lesions are usually associated in commercial flocks with birds at older ages, whereas these reports suggest that FPD may originate at very young ages, including the brooding stage.
Many factors have been associated with the development of FPD (Mayne, 2005) but research using a newly developed experimental model suggests that the moisture content of litter is the primary factor leading to FPD (Mayne et al., 2007b) . The experimental system consists of raising poults at low stocking density and treating the litter with water that is added daily after the removal of excreta and soiled litter to maintain a moisture content of about 75%. Maximum external FPD scores were obtained after 6 d on wet litter and allow the systematic study of factors affecting the development of FPD.
In the course of our research we have observed differences between experiments in the rate of development and severity of FPD lesions associated with different batches of wood shavings. In 2 experiments with very rapid and extreme development of lesions [experiment 3 in Mayne et al. (2007b) and our unpublished experiment] the wood shavings smelled strongly of pine, which is associated with various organic acids. The question then arises as to whether chemicals in pine wood shavings affect the severity of lesions, possibly through an effect on the pH of the litter. We therefore examined the pH of the litter at the end of both experiments in the current study.
This research was performed to further elucidate the factors affecting the development of FPD. The objective of experiment 1 was to define the relationship between the proportion of water in the litter and the severity of FPD lesions in growing turkeys. The results should facilitate the development of better criteria to limit the prevalence of FPD through suitable litter management. Experiment 2 was designed to assess the role of age (maturity of the skin) on the rate and extent of development of FPD in growing turkeys.
MATERIALS AND METHODS

Birds and Treatments
Experiment 1. A total of 110 female poults (B.U.T. 8, Aviagen Turkeys Ltd., Chester, UK; 1 d of age) were obtained from a commercial hatchery and housed in a single room (3.42 m width × 4.73 m depth). The pen was littered with pine wood shavings (a mixture of shavings and chips) and provided with a brooder lamp and food trays. On arrival the poults were given water for 1 h followed by feed for 2 h. The birds then received 3 h of darkness followed by 3 h of light that was repeated until the onset of the planned dark period of 16 h of light and 8 h of darkness from 0730 to 1130 h. Light intensities on d 1, 2, and 4 were 100, 50, and 12 lx, respectively. Ambient temperature was 28°C for the first week, 26°C for the second week, and 23°C thereafter. The birds were wing banded at 5 d and transferred to the experimental pens in another room containing a total of 36 pens at 7 d of age. The experiment consisted of 20 pens of 5 birds. Pens were 1.5 m wide × 2.2 m deep and were littered with pine wood shavings. Light intensity was 12 lx at bird head height and the photoperiod was 16L:8D. Each pen contained a suspended drinker and tubular feeder and a brooder lamp that was removed at 28 d of age.
Feed and water were supplied ad libitum throughout the experiment. The feed was a standard wheat-soy based commercial turkey starter ration (BOCM Pauls, Ipswich, UK) that was provided as crumbs for 14 d and then as 3-mm pellets. The declared CP concentration of the feed was 260 g/kg and the diet contained enzymes (Roxazyme G2, DSM, Heanor, UK), phytase (Natuphos 500L, BASF, Cheadle Hume, UK), and a coccidiostat (Avatec 150G, Alpharma, Ipswich, UK).
The existing litter was removed and replaced with fresh wood shavings at the start of the experiment. Litter treatments were 0, 9, 18, 27, and 36 L of tap water per pen at the start of the experiment. A variable quantity of water was added to the wettest pens in the evening and morning of each day to maintain a litter score of 5 on the Tucker and Walker (1999) scale (litter defined as soggy, squelchy, or very wet, leaving a durable imprint when compressed) and to the other pens in proportion to the initial allocation. Soiled litter was removed as necessary in the mornings and the same quantity of fresh litter was added to all pens before additional water was applied to the litter. The same quantity of water was added to each pen on the same treatment at all times.
Experiment 2. A total of 200 female poults (British United Turkeys 8, Aviagen Turkeys Ltd.; 1 d of age) were housed as described above in 2 large rooms (100 poults/room) each with hardboard surround encircling the heat lamp. At 7 d of age 5 birds were transferred to each of 8 experimental pens and the remaining poults were transferred to a further 8 pens (16 poults/pen). At 19, 40, and 68 d of age 5 poults were transferred to each of the experimental pens after removal of the litter, cleaning, and provision of fresh litter to a depth of 20 to 30 mm.
Water was first applied to the treated pens at 7, 21, 42, and 70 d of age (36 L/pen) and twice daily as above to maintain a litter score of 5 on the Tucker and Walker scale (Tucker and Walker, 1999) . Soiled litter was removed and fresh shavings were added to all pens daily as required to maintain clean conditions. The same quantity of water was applied to the treated pens at each age.
Observations
External FPD scores were recorded for both feet daily from the start of both experiments (d 0) using a previously derived foot pad scoring system (Mayne et al., 2007b) . Briefly, scores were as follows: 0 = no external signs of FPD; 1 = slight swelling or redness or both of the skin; 2 = the pad is harder and raised with swelling and redness and the reticulate scales may be separated; 3 = swelling, redness, and hardness are evident, scales are enlarged and separated, and small black necrotic areas may occur; 4 = marked swelling and redness and the area of necrosis is less than one eighth of the foot pad; 5 = the foot pad is enlarged, scales are pronounced and separated from each other, and necrosis extends to a quarter of the foot pad; 6 = up to half the foot pad covered by necrosis; 7 = necrotic area extending to more than half the foot pad.
Individual BW was measured before and after each experiment. Daily feed intake was determined by recording the weight of feed eaten by every pen during the 6 d of each experiment.
The behavioral profile (time budget) of the turkeys was assessed by scan sampling on d 5 and 6 of both experiments. Recorded behaviors and definitions are in Table 1 . Two pens were observed from the same location for 10 min after allowing 5 min for the birds to become accustomed to the observer. The numbers of birds engaged in each behavior were recorded every 60 s by alternating between both pens every 30 s. There was 1 observer per block of 10 pens in experiment 1 and a single observer for all pens and ages in experiment 2. The observation periods for experiment 1 were 0900 to 1015 h, 1200 to 1315 h, and 1500 to 1615 h; observation periods for experiment 2 were 0900 to 1000 h, 1100 to 1200 h, 1400 to 1500 h, and 1600 to 1700 h. Different time periods were chosen to cover the major part of the photoperiod and evaluate the possibility that treatment differences changed over time of day.
Litter samples were taken at the completion of each experiment for determination of moisture content. Similar quantities of the full depth of litter were taken at a location 30 cm from the pen walls at the 4 corners of each pen and litter depth was recorded. The litter sample was thoroughly mixed and a subsample of 25 g was placed in a plastic cup and sealed. The samples were weighed and dried to constant weight for 7 d at 60°C to determine moisture content from the loss in weight of the sample. A second subsample of 25 g was used to determine the pH of the litter. Following preliminary experiments based on the research of Moore et al. (1995 Moore et al. ( , 2000 , 20 g of litter was mixed with 200 mL of deionized water, placed in a water bath at 30°C, and gently shaken for 1 h. The pH of the liquid phase was determined with an electronic pH meter (Orion 420A, Cole-Parmer Instrument Co., London, UK).
Statistical Analyses
The design for experiment 1 was a randomized block with 5 treatments and 4 replicates (pens) of 5 birds. Mean pen foot score was analyzed by a split-plot model of random effects for pen within block and litter (wet vs. dry), day, and the interaction of litter and day as treatment effects. Traits that were based on a single measurement were analyzed by a linear model with litter as the treatment effect. Experiment 2 was a paired comparison of wet and dry litter treatments at each age in a split-plot design. The statistical model for foot score was a split-plot design with day within pen within block as random effects and litter as a fixed effect with 5 levels (moisture concentrations), age, day, and their interactions as treatment effects. For the other traits the same model without day was analyzed. Litter pH was modeled with and without a covariate for litter moisture. The covariate was not significant in both experiments and treatment means are presented for the unadjusted analysis.
Pen mean FPD scores were approximately normally distributed in experiment 1. A positive mean-variance relationship was found in experiment 2 and mean pen foot score was analyzed after transformation to natural logarithms. The FPD scores and related quantitative traits were analyzed by conventional ANOVA methods in Genstat (v.12, VSN International, Hemel Hempstead, UK; http://www.vsn-intl.com/genstat/).
"Other" and "dust bathing" behaviors were combined because the latter was rarely observed. The mean proportion (%) of birds engaged in each behavior in every pen over 2 d and 3 time periods was calculated and analyzed with binomial errors in the GLIMM procedure of Genstat. The statistical model for experiment 1 had effects for block, litter, and time of day and the interaction of litter and time. The model for experiment 2 had effects for pen within block, litter, age, time, and their 2-and 3-way interactions.
RESULTS
Experiment 1
Mean foot pad score for each treatment and day are plotted in Figure 1A and the effect of increasing litter moisture on foot pad score on d 6 are plotted in Figure  1B . Mean foot pad score increased with litter moisture content and was greater with increasing time from the start of the experiment (interaction of treatment × day, P < 0.001). Mean planned and actual litter moisture, litter pH, BW, and feed intake are presented in Table  2 . Weight gain was similar in different treatments and a trend was found for feed intake to be greater in the highest litter moisture treatments (P < 0.10).
Overall treatment means for each behavior are presented in Figure 2 and reflect comparative differences between the dry and wet litter conditions averaged over 3 time periods. Litter × time of day interactions were highly significant (P < 0.001) for feeding, foraging, preen standing, sitting, and sleeping; significant for preen standing, walking, spot pecking, and other (P < 0.05); and not significant for drinking, allo pecking, and pecking others. The proportions for active behaviors (feeding, foraging, and walking) were relatively high and those for static behaviors (preening standing, sitting, and standing) were lower in the turkeys kept on dry litter compared with those on wet litter at 0900 h, whereas at 1500 h the differences were small, giving rise to a statistical interaction. Time of day differences reflected differences of scale rather than changes in rank and were therefore ignored for clarity of presentation. Analysis of pen means summed over day and time showed significant (P < 0.05) differences for all behaviors. Birds on wet litter exhibited more allo pecking, preen standing, standing, and sleeping behavior and less preen sitting, walking, and drinking and, at the highest concentrations of litter moisture, less feeding, foraging, and spot pecking. Means for other behavior were 2.8, 0.9, 0.7, 0.3, and 0.4 (SED 0.52; P < 0.001) respectively for increasing litter moisture content levels. Treatment differences were associated with more frequent dust bathing on dry litter following the application of fresh wood shavings in the morning before the behavioral observations began.
Experiment 2
The interaction of litter × age × day for foot score was significant (P < 0.05). Back transformed means are presented in Figure 3 and, for ease of comparison with the other data, the scores for d 6 were also analyzed; treatment means are given in Table 3 .
Mean weight gain and feed intake for each treatment are presented in Table 3 . Weight gain was similar in wet and dry treatments whereas feed intake became greater with age in birds kept on the wet treatment compared with the dry treatment (age × litter, P < 0.05). The effect of age and the interaction with litter for litter moisture were not significant and the mean moisture contents for the dry and wet litter treatments were 24 and 79%, respectively (SED 3.7%, P < 0.001). Mean litter pH was not determined at 13 d of age. Mean litter pH increased in dry litter and was similar in the wet litter over the 3 ages (trial × litter interaction, P < 0.05). At 27, 49, and 77 d, mean litter pH was 5.5, 5.3, and 6.7, respectively, for the dry treatment and 6.6, 6.6, and 6.8, respectively, for the wet treatment (SED at the same age 0.23; SED between trials 0.36).
Treatment × age means for each behavior are presented in Figure 4 . Treatment × time × age interactions were significant for all behaviors (P < 0.05) ex- cept standing, drinking, allo pecking, and spot pecking. Similar differences were observed for time of day as in experiment 1 and were greater at 42 and 70 d. To simplify the presentation of the results, pen means were summed over time at each age. A highly significant (P < 0.001) treatment × age interaction was obtained for all behaviors except allo pecking (P < 0.05), drinking, spot pecking, and other behavior (not significant). Birds on wet litter showed less foraging and preen standing and more preen sitting from 21 d, less feeding except at 70 d, and more standing and sleeping and less walking at all ages. At 70 d of age turkeys on the wet litter showed more allo pecking and pecking others and less sitting than birds on dry litter. At 7, 21, 42, and 70 d of age, other behavior averaged 1.9, 1.1, 0.7, and 0.7, respectively, on dry litter and 0.4, 0.4, 0.7, and 0.4, respectively (SED 0.39, 0.31, 0.29 and 0.26, respectively) on wet litter. The differences at 7 and 21 d were statistically significant (P < 0.05).
DISCUSSION
The results of experiment 1 confirm previous research that the proportion of water in litter is a major factor affecting the severity and prevalence of FPD (Mayne et al., 2007b) . Laboratory experiments on the responses of human, rat, and pig skin to water (Jolly and Swan, 1980; Klingman, 1994; Ramsing and Agner, 1997; Warner et al., 1999) have demonstrated similar pathological responses as in turkeys exposed to wet, clean litter (Mayne et al., 2006 (Mayne et al., , 2007b . Warner et al. (1999) , for example, showed that just 6 h of continuous exposure to water can significantly change the morphology of pig skin, predisposing the epidermis to an immunologic response as demonstrated in turkeys by Mayne et al. (2007c) . Collectively, the results from these several species are consistent with the conclusion that litter moisture was the major irritating agent in the development of FPD in these experiments. It is likely that FPD in commercial flocks of turkeys is caused by wet litter that may in turn be associated with the behavior of the Observations of different behaviors were averaged over 2 d and 4 periods of the day (0900-1000 h, 1100-1200 h, 1400-1500 h, and 1600-1700 h). Statistical significance of differences from the dry control treatment: *P < 0.05; ***P < 0.001.
birds (e.g., excessive drinking), disease, or nutritional or environmental factors. In addition, our results do not offer support for a role of litter pH in the pathogenesis of FPD.
The heat lamps were still used in experiment 2 at 7 and 21 d and tended to dry out the surface of the litter and, as poults on wet litter also tended to congregate under the heat lamp, differences between these and later ages (42 and 70 d) are probably artificial. In addition, the poults were initially enclosed in a hardboard surround and the litter became relatively damp. The foot pads of the poults at the time of transfer to experimental pens at 7 and 19 d had signs of mild inflammation and slightly higher scores on dry litter at 13 and 27 d that were not observed at 48 and 76 d. The differences in mean FPD score at the 4 ages were relatively similar and we conclude that turkey poults are susceptible to the effects of wet litter at all ages from 7 to 70 d of age.
Experiment 1 was designed to determine the maximum moisture content of litter that would result in the minimal increase in FPD score. The results suggest that FPD scores increase linearly with litter moisture over approximately 30% ( Figure 1B ) and, conversely, that there is a range of litter moistures that do not have a detrimental effect on the foot pads of growing turkeys. However, experimental conditions can only serve as a guide to commercial situations and there is a need to examine the range of litter moisture contents under field conditions that will minimize the prevalence of FPD. If this range were known, and if litter moisture content could be determined in the field, it would be possible to define a useful management target for the reduction of FPD in commercial flocks.
Previous research showed that turkeys housed on wet litter grew more slowly than birds on dry litter (Mayne et al., 2007b) . No differences existed in weight gain or feed intake at 28 to 35 d in experiments 1 and 2 (Tables  2 and 3 ). However, in experiment 2, the birds at the 2 older ages consumed considerably more feed on wet litter and gained more BW (Table 3) . No immediate explanation for the decreased time spent feeding and the increased feed intake by birds on wet litter is apparent from the results of the study. In commercial flocks, increased feed intake may have a negative effect on feed efficiency, and possibly on weight gain, if turkeys are housed on very wet litter. In contrast to feed intake and BW gain, behavioral differences between turkeys on wet and dry litter were consistent, particularly from 21 d (Figures 2 and 4) . Birds on wet litter spent a very high proportion of time sleeping and preening while standing whereas those on dry litter spent more time walking and preening when sitting.
The pH of dry litter was 4.0, similar to a previous estimate for kiln-dried pine wood shavings (Ward et al., 2000) , and the tap water used in the experiments had a pH of 5.0. The pH of wet litter was higher than that of dry litter and we suggest that his may have been attributable to the buffering capacity of tap water and Ca ++ in the excreta. We therefore conclude that low pH per se does not adversely affect the development of FPD. Furthermore, experimental data indicates that the inflammatory response to wet litter induced on wood shavings is not caused by an allergic reaction (Mayne et al., 2007c) . Nevertheless, the differences between sources of wood shavings on the rate and degree of development of FPD need to be evaluated in future research because we have noted differences between batches of wood shavings in the severity of FPD in different experiments.
A wide range of individual FPD scores existed at 6 d of 2.0 to 4.5 on the 2 highest moisture contents in experiment 1 and 1.6 to 5.2 in experiment 2. Furthermore, the range of scores was similar from d 2 in each experiment, suggesting that substantial phenotypic variation exists in the susceptibility to FPD. The heritability of FPD scores in broilers in 2 reports was 0.31 (Akbas et al., 2009 ) and 0.34 (Kjaer et al., 2006) , suggesting that selection to decrease the susceptibility to FPD would be successful if these results were confirmed in turkeys.
In conclusion, these 2 experiments confirm and extend previous observations that litter moisture is the primary factor initiating FPD. The results suggest that the moisture content of litter must be less than 30% to minimize the occurrence of FPD and that growing turkeys of any age are equally susceptible to developing the disease. The lack of evidence for a role of pH, together with results from previous experiments on different litter materials (Mayne et al., 2007b) , suggests that organic chemicals in the litter, either from the bedding material or the bird's excreta, are not a primary cause of FPD. Behavioral changes that may be associated with FPD occurred in birds on wet litter. Finally, the research indicates that FPD can be minimized by good litter management that avoids wet litter.
